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1. INTRODUCTION {#cas14408-sec-0001}
===============

Tumor‐immune crosstalk within the tumor microenvironment (TME) occurs at all stages of tumorigenesis. The TME comprises diverse cellular types, from cancer cells and organ and vascular cells of the surrounding and admixed tissue, to infiltrating immune cells.[^1^](#cas14408-bib-0001){ref-type="ref"}, [^2^](#cas14408-bib-0002){ref-type="ref"}, [^3^](#cas14408-bib-0003){ref-type="ref"}, [^4^](#cas14408-bib-0004){ref-type="ref"} Macrophages are especially recruited in high numbers to the tumor site during tumor development.[^5^](#cas14408-bib-0005){ref-type="ref"} As tumors progress, these tumor‐associated macrophages (TAM) polarize toward an "alternatively activated" M2 phenotype that stimulates neoangiogenesis, cancer cell migration and intravasation, while blocking the antitumor immune response.[^6^](#cas14408-bib-0006){ref-type="ref"} Consequently, unravelling how TAM support tumor development could elucidate novel therapeutic strategies.

To sustain their accelerated growth, tumor cells exhibit an altered metabolism,[^7^](#cas14408-bib-0007){ref-type="ref"} such as by producing the metabolic intermediates required for cellular proliferation and shifting from oxidative phosphorylation to aerobic glycolysis.[^8^](#cas14408-bib-0008){ref-type="ref"} Metabolic processes in tumor cells are influenced by both the TME and genetic aspects.[^9^](#cas14408-bib-0009){ref-type="ref"} Hypoxia within the TME exerts an effect on tumor cell metabolism, in addition to other characteristics such as proliferation, migration and drug susceptibility.[^10^](#cas14408-bib-0010){ref-type="ref"}, [^11^](#cas14408-bib-0011){ref-type="ref"} Whereas the mechanisms by which tumor cells restructure their metabolic state to sustain tumor development are well‐studied,[^7^](#cas14408-bib-0007){ref-type="ref"}, [^8^](#cas14408-bib-0008){ref-type="ref"}, [^9^](#cas14408-bib-0009){ref-type="ref"} there is much less research on how TME immune cells such as TAM control cancer cell metabolism to sustain tumor growth.

The metabolic enzyme glycerol‐3‐phosphate dehydrogenase (GPD) may be a key player in tumor cells that have shifted to aerobic glycolysis.[^12^](#cas14408-bib-0012){ref-type="ref"} GPD exists as two isoforms working in parallel that constitute the glycerol 3‐phosphate (G3P) shuttle system. GPD1 converts dihydroxyacetone phosphate (DHAP) to G3P within the cytoplasm, creating nicotine adenine dinucleotide (NADH), whereas GPD2 converts G3P to DHAP within the mitochondrial membrane, thereby regenerating NAD+ from NADH. The reaction catalyzed by GPD2 is the rate‐limiting step within this G3P shuttle system. GPD2 is upregulated in various human tumors,[^12^](#cas14408-bib-0012){ref-type="ref"} where the pro--inflammatory cytokine interleukin‐1 (IL‐1β) upregulates GPD2 expression.[^13^](#cas14408-bib-0013){ref-type="ref"} Herein, we examine the role of GPD2 in TAM‐driven glioma tumor growth and uncover a novel mechanism by which TAM reprogram tumor cell metabolism to favor accelerated tumor growth.

2. MATERIALS AND METHODS {#cas14408-sec-0002}
========================

Approval for this study was obtained from the Ethics Review Committee at the General Hospital of TISCO (Taiyuan, Shanxi, China). All human tissue donors provided written informed consent prior to participation. All animal procedures were performed according to the recommendations specified in the "Guide for the Care and Use of Laboratory Animals" manual, published the National Institutes of Health (NIH) (8th edition). Details of the experimental methods are provided in the [Supporting Information](#cas14408-sup-0001){ref-type="supplementary-material"}. The shRNA used in this study are detailed in Table [S1](#cas14408-sup-0001){ref-type="supplementary-material"}. The quantitative PCR primers used are outlined in Table [S2](#cas14408-sup-0001){ref-type="supplementary-material"}. The antibodies used are presented in Table [S3](#cas14408-sup-0001){ref-type="supplementary-material"}.

3. RESULTS {#cas14408-sec-0003}
==========

3.1. Macrophage‐stimulated cancer cell proliferation is dependent on glycerol‐3‐phosphate dehydrogenase {#cas14408-sec-0004}
-------------------------------------------------------------------------------------------------------

We generated an in vitro system to examine the impact of macrophage‐stimulated tumor development on glioma cell GPD2. Activated M2 macrophages (M2 cells) were produced by differentiating human THP‐1 monocytes through stimulation with TPA followed by IL‐4 and IL‐13, which we confirmed by the presence of CD163 (Figure [S1](#cas14408-sup-0001){ref-type="supplementary-material"}A). Unpolarized THP‐1 cells or polarized M2 cells were co--cultured with glioma U‐87 or U‐251 cells (Figure [S1](#cas14408-sup-0001){ref-type="supplementary-material"}B). We used shRNA to knockdown GPD2 expression in U‐87 and U‐251 glioma cultures (Figure [1A](#cas14408-fig-0001){ref-type="fig"} and Figure [S1](#cas14408-sup-0001){ref-type="supplementary-material"}C), which were incubated with unactivated THP‐1 cells or activated M2 cells. Cellular proliferation increased in the presence of M2 cells (but not in the presence of THP‐1 cells), an effect almost fully reversed by GPD2 knockdown (Figure [1B](#cas14408-fig-0001){ref-type="fig"} and Figure [S1](#cas14408-sup-0001){ref-type="supplementary-material"}D). The result implies that macrophage‐stimulated cancer cell proliferation is dependent on GPD2.

![Macrophages induce glycerol‐3‐phosphate dehydrogenase (GPD2) phosphorylation at T10. A, Western blot (WB) of U‐87 cultures transfected with lentiviral shGPD2 or scrambled control (shNT). B, Cellular proliferation by crystal violet of U‐87 cells with stable transfection of shGPD2 or shNT in mono--culture or co--culture with THP‐1 cells or M2 cells at seven days. C, WB of U‐87 and U‐251 cultures with stable transfection of S‐FLAG‐streptavidin‐binding peptide (SFB)‐tagged GPD2. D, Pull‐down assay (PD) with streptavidin beads from U‐87 cultures with stable transfection of S‐FLAG‐streptavidin‐binding peptide (SFB)‐GPD2 co--cultured for 24 h with M2 or THP‐1 cells. E, PD with streptavidin beads from U‐87 cultures with stable transfection of wild‐type (WT) SFB‐GPD2 or mutant SFB‐GPD2‐MUT^10^. F, PD with streptavidin beads from U‐87 cultures with stable transfection of the 10 individual SFB‐GPD2 Phosphosite mutants. G, WB of U‐87 cultures with stable transfection of WT SFB‐GPD2, mutant SFB‐GPD2‐T10A, or mutant SFB‐GPD2‐T10D. H, Immunoprecipitation (IP) from U‐87 cells co--cultured with M2 or THP‐1 cells. n = 3 technical replicates × 3 biological replicates. I and J, Orthotopic GL261 gliomas generated in C57BL/6 mice by intracranial injection. Animals were given anti--colony stimulating factor 1 receptor or control IgG2a antibodies (n = 9 animals per cohort) and killed 14 d post--implantation. I, Left top panel: Typical H&E‐stained brain tumor tissue sections; Left bottom panel: Magnified (100×) image of tumor boundary; Right panel: Quantification of tumor size (V) by length (l) and width (w) determined by V = 0.5 × l × w^2^; n = 9. J, Left panel: Typical IHC‐stained brain tumor tissue sections for GPD2 pT10; Right panel: Semi‐quantification of GPD2 pT10 staining using scores ranging from 0 to 8; n = 9. K, IP from U‐87 cells co--cultured for 24 h with/without patient‐derived CD11b^+^/CD163^+^ tumor‐associated macrophages (TAM). \**P* \< 0.05, \*\**P* \< 0.01 (*t* test). Means ± standard errors of the mean (SEM). Please refer to Figure [S1](#cas14408-sup-0001){ref-type="supplementary-material"} for further details](CAS-111-1979-g001){#cas14408-fig-0001}

3.2. Macrophages stimulate glycerol‐3‐phosphate dehydrogenase activation by phosphorylation at T10 {#cas14408-sec-0005}
--------------------------------------------------------------------------------------------------

To elucidate the mechanism for macrophage‐stimulated cancer cell proliferation via GPD2, we initially assessed GPD2 protein levels in U‐87 cells upon co--culturing with THP‐1 or M2 cells and found them to be unchanged (Figure [S1](#cas14408-sup-0001){ref-type="supplementary-material"}E). Protein phosphorylation is a key post--translational modification (PTM) for regulating enzyme function.[^14^](#cas14408-bib-0014){ref-type="ref"} Consequently, we assessed whether M2 macrophages controlled GPD2 activation by phosphorylation. To do this, we generated U‐87 and U‐251 cell lines with stable expression of a streptavidin‐binding peptide (SBP)‐tagged and FLAG‐tagged (both tags together called SFB) wild‐type (WT) GPD2 expressed to a much lesser extent than native GPD2 (Figure [1C](#cas14408-fig-0001){ref-type="fig"}). Co--culturing with M2 cells selectively enhanced phosphorylation at GPD2's threonine residues (Figure [1D](#cas14408-fig-0001){ref-type="fig"}). Phosphorylation selectivity was confirmed by incubation with calf‐intestinal alkaline phosphatase (Figure [S1](#cas14408-sup-0001){ref-type="supplementary-material"}F).

We used PhosphoSitePlus, a database of protein PTM, to query conserved GPD2 threonine residues that are phosphorylated, and found 10 conserved threonine residues: T10, T275, T290, T294, T355, T357, T359, T362, T515 and T547. A GPD2 mutant in which all 10 phosphorylated threonines were changed to alanine residues was created (GPD2‐MUT^10^). Threonine phosphorylation was blocked in U‐87 and U‐251 cultures expressing GPD2‐MUT^10^ (Figure [1E](#cas14408-fig-0001){ref-type="fig"} and Figure [S1](#cas14408-sup-0001){ref-type="supplementary-material"}G). We sought to determine which threonine residue(s) were affected by M2 macrophage exposure. Ten GPD2 mutants in which one of each possible phosphorylated threonine was changed to alanine residue were created (GPD2‐T10A, GPD2‐T1275A, GPD2‐T290A etc). Threonine phosphorylation was only profoundly blocked in M2 macrophage‐exposed U‐87 and U‐251 cultures expressing GPD2‐T10A (Figure [1F](#cas14408-fig-0001){ref-type="fig"} and Figure [S1](#cas14408-sup-0001){ref-type="supplementary-material"}H). We produced a selective antibody for GPD2 phosphorylated at T10 (GPD2 pT10), which reliably demonstrated phosphorylation of WT GPD2 but not of GPD2‐T10A. The antibody also bound to GPD2‐T10D, a phosphomimetic of GPD2 pT10, which functioned as a positive control (Figure [1G](#cas14408-fig-0001){ref-type="fig"}). Immunoprecipitation of native GPD2 from U‐87 or U‐251 cells co--cultured with M2 cells demonstrated increased formation of GPD2 pT10 (Figure [1H](#cas14408-fig-0001){ref-type="fig"} and Figure [S1](#cas14408-sup-0001){ref-type="supplementary-material"}I).

We determined whether macrophages activated GPD2 in tumor cells in vivo in orthotopic models of mouse glioma GL261 cells. As M2 macrophage function is heavily influenced by colony stimulating factor 1 receptor (CSF1R) expression, an antibody against CSF1R is frequently used to neutralize macrophages.[^15^](#cas14408-bib-0015){ref-type="ref"}, [^16^](#cas14408-bib-0016){ref-type="ref"} The blood‐brain barrier (BBB) in murine glioma models is compromised by degradation of endothelial tight junctions.[^17^](#cas14408-bib-0017){ref-type="ref"}, [^18^](#cas14408-bib-0018){ref-type="ref"}, [^19^](#cas14408-bib-0019){ref-type="ref"} Thus, antibodies are anticipated to penetrate the leaky BBB. We depleted macrophages from the TME through administration of anti--CSF1R or control IgG2a antibodies to mice with orthotopic GL261 gliomas. Immunohistochemistry (IHC) for CD163 was used to confirm macrophage neutralization upon anti--CSF1R antibody administration (Figure [S1](#cas14408-sup-0001){ref-type="supplementary-material"}K). GL261 tumor growth was measured at the experimental endpoint, which demonstrated that macrophage neutralization significantly attenuated tumor growth (Figure [1I](#cas14408-fig-0001){ref-type="fig"} and Figure [S1](#cas14408-sup-0001){ref-type="supplementary-material"}J) and GPD2 phosphorylation at T10 (Figure [1J](#cas14408-fig-0001){ref-type="fig"}). In addition, we dissociated patient‐derived glioblastoma (GBM) tumor tissue and used FACS to sort TAM by CD11b staining and M2 TAM by CD163 staining. We generated co--cultures of these isolated CD11b^+^/CD163^+^ M2 cells with U‐87 or U‐251 cells and noted, using western blot analysis, that GPD2 pT10 levels increased (Figure [1K](#cas14408-fig-0001){ref-type="fig"} and Figure [S1](#cas14408-sup-0001){ref-type="supplementary-material"}L).

3.3. Macrophage‐induced glycerol‐3‐phosphate dehydrogenase phosphorylation at T10 regulates the direction of glycerol‐3‐phosphate dehydrogenase catalysis {#cas14408-sec-0006}
---------------------------------------------------------------------------------------------------------------------------------------------------------

The G3P shuttle, constituted by the rate‐limiting enzyme GPD2 and its counterpart GPD1, regulates the conversion between G3P and DHAP (G3P ↔ DHAP). We questioned whether phosphorylation of GPD2 T10 influences the reaction rates in favor of DHAP or G3P. In vitro, endogenous GPD2 was knocked down in U‐87 and U‐251 cultures and replaced by histidine‐biotin (HB)‐tagged WT GPD2, mutant GPD2‐T10A, or mutant GPD2‐T10D, whose coding DNA sequences were resistant to shRNA‐mediated degradation (Figure [2A](#cas14408-fig-0002){ref-type="fig"}). The maximum reaction rate (V~max~) for generation of DHAP was in the order GPD2‐T10D \> WT GPD2 \> GPD2‐T10A (Figure [2B](#cas14408-fig-0002){ref-type="fig"}), whereas V~max~ for G3P was in the reverse order (Figure [2C](#cas14408-fig-0002){ref-type="fig"}).

![Macrophage‐induced glycerol‐3‐phosphate dehydrogenase (GPD2) phosphorylation at T10 regulates the direction of GPD2 catalysis. A, Western blot (WB) of U‐87 and U‐251 cultures with native GPD2 knockdown reconstituted with expression of histidine‐biotin (HB)‐tagged wild‐type (WT) GPD2, mutant GPD2‐T10A or mutant GPD2‐T10D whose DNA sequences were resistant to shRNA‐mediated degradation. B and C, Native GPD2 knockdown from U‐87 and U‐251 cultures was reconstituted with expression of histidine‐biotin (HB)‐tagged WT GPD2, mutant GPD2‐T10A, or mutant GPD2‐T10D whose DNA sequences were resistant to shRNA‐mediated degradation followed by pull‐down assay (PD) with streptavidin beads: (B) Maximum reaction rate (V~max~) for generation of dihydroxyacetone phosphate (DHAP) and (C) V~max~ for generation of G3P. D and E, Reconstituted U‐87 cultures from (B) were co--cultured for 24 h with M2 or THP‐1 cells and pull‐down assay (PD) with streptavidin beads: (D) V~max~ for generation of DHAP and (E) V~max~ for generation of G3P. \**P* \< 0.05, \*\**P* \< 0.01 (*t* test). n = 3 technical replicates × 3 biological replicates. Means ± standard errors of the mean (SEM)](CAS-111-1979-g002){#cas14408-fig-0002}

To assess whether M2 macrophages controlled GPD2 catalysis direction by phosphorylating T10, U‐87 cultures with native GPD2 knockdown and reconstituted HB‐tagged shRNA‐resistant WT GPD2, mutant GPD2‐T10A or mutant GPD2‐T10D were co--cultured with M2 or THP‐1 cells. V~max~ for generation of DHAP was enhanced in WT GPD2‐, stable in GPD2‐T10D‐ and lowered in GPD2‐T10A‐expressing U‐87 cultures upon co--culturing with M2 cells (Figure [2D](#cas14408-fig-0002){ref-type="fig"}). In contrast, V~max~ for generation of G3P was lowered in WT GPD2‐, stable in GPD2‐T10D‐ and enhanced in GPD2‐T10A‐expressing U‐87 cultures upon co--culturing with M2 cells (Figure [2E](#cas14408-fig-0002){ref-type="fig"}). These findings suggest that M2 macrophages activate GPD2 by phosphorylating T10 and stimulating DHAP production.

3.4. Glycerol‐3‐phosphate dehydrogenase phosphorylation at T10 is mediated by protein kinase‐delta {#cas14408-sec-0007}
--------------------------------------------------------------------------------------------------

We sought to recognize the upstream mediator of GPD2 phosphorylation. We searched for a kinase recognition motif on GPD2, which identified the protein kinase C delta isoform (PKCδ) recognition motif targeting the T10 residue (Figure [3A](#cas14408-fig-0003){ref-type="fig"}). To verify a potential interaction between GPD2 and PKCδ, U‐87 cultures underwent co--transfection of V5‐conjugated PKCδ with FLAG‐conjugated GPD2 (FLAG‐GPD2) or empty plasmid (EP). Anti--FLAG and anti--GPD2 immunoprecipitation demonstrated a direct interaction between PKCδ and GPD2 in both the overexpression system and between endogenous proteins, respectively (Figure [3B](#cas14408-fig-0003){ref-type="fig"}). Overexpression of an inactive kinase‐dead PKCδ (PKCδ K376R; Figure [S2](#cas14408-sup-0001){ref-type="supplementary-material"}) or knockdown of PKCδ in U‐87 cultures significantly lowered phosphorylated GPD2 pT10 (Figure [3C,D](#cas14408-fig-0003){ref-type="fig"}). Finally, we also conducted in vitro ^32^P‐labeling assays between recombinant His‐PKCδ (His = His x6 tag) and WT His‐GPD2 or mutant His‐GPD2‐T10A. PKCδ phosphorylated WT GPD2 but not the mutant GPD2‐T10A (Figure [3E](#cas14408-fig-0003){ref-type="fig"}).

![Glycerol‐3‐phosphate dehydrogenase (GPD2) phosphorylation at T10 is mediated by PKCδ. A, The conserved PKCδ phosphorylation motif residing around the T10 residue of GPD2. B, Left panel: Anti--FLAG immunoprecipitation (IP) from U‐87 cultures that underwent co--transfection of V5‐PKCδ with FLAG‐GPD2 or empty plasmid (EP); Right panel: Native anti--GPD2 IP from U‐87 cultures. C, U‐87 cultures with stable transfection of histidine‐biotin (HB)‐GPD2 and transient transfection of kinase‐dead V5‐PKCδ‐KD or EP. D, U‐87 cultures with stable transfection of HB‐GPD2 and lentiviral shPKCδ or scrambled control (shNT). E, In vitro ^32^P‐labeling assays between recombinant His‐PKCδ (His = His x6 tag) and wild‐type (WT) His‐GPD2‐T10 or mutant His‐GPD2‐T10A. F, U‐87 cells with stable transfection of S‐FLAG‐streptavidin‐binding peptide (SFB)‐GPD2 and lentiviral shPKCδ or shNT co--cultured for 24 h with M2 or THP‐1 cells. G, U‐87 cells with stable transfection of SFB‐GPD2 cultured with/without PKCδ inhibitor rottlerin in M2‐derived or THP‐1‐derived conditioned media (CM). H, Cellular proliferation and (I) colony forming assays in U‐87 cells with stable transfection of SFB‐GPD2 cultured with/without PKCδ inhibitor rottlerin in control media or M2‐derived or THP‐1‐derived CM. n = 3 technical replicates × 3 biological replicates. J, Orthotopic EGFRvIII‐expressing U‐87 gliomas with M2 or THP‐1 cells (1:1) generated in nude mice by intracranial injection. Animals were administered rottlerin or vehicle (n = 9 animals per cohort) and killed 14 d post--implantation; n = 9. \**P* \< 0.05, \*\**P* \< 0.01 (*t* test). Means ± standard errors of the mean (SEM). Please refer to Figure [S2](#cas14408-sup-0001){ref-type="supplementary-material"} for further details](CAS-111-1979-g003){#cas14408-fig-0003}

We sought to determine whether macrophage‐stimulated activation of GPD2 at T10 occurs through PKCδ. PKCδ was knocked down from U‐87 cultures with stable transfection of SFB‐GPD2, which were co--cultured with M2 or THP‐1 cells. PKCδ knockdown markedly attenuated M2‐elicited enhancement in GPD2 phosphorylation at T10 (Figure [3F](#cas14408-fig-0003){ref-type="fig"}), an effect also seen by incubation with rottlerin, a specific inhibitor of PKCδ (Figure [3G](#cas14408-fig-0003){ref-type="fig"}).

Because macrophages stimulated tumor cell proliferation via GPD2, we determined whether this effect was mediated through PKCδ. U‐87 cells with/without rottlerin were cultured in control media or M2‐derived or THP‐1‐derived conditioned media (CM); rottlerin blocked M2 cell CM‐triggered cellular proliferation and colony forming capacity (Figure [3H,I](#cas14408-fig-0003){ref-type="fig"}). In vivo, we generated orthotopic implants in nude mice by intracranial injection of U‐87 cells expressing a constitutively active PKCδ‐activating EGFRvIII mutant[^20^](#cas14408-bib-0020){ref-type="ref"}, [^21^](#cas14408-bib-0021){ref-type="ref"} with M2 or THP‐1 cells in a 1:1 ratio. Animals were randomly assigned rottlerin or vehicle administration (n = 9 animals per cohort) by oral gavage, and tumor sizes were measured 14 days post--glioma cell implantation. Co--injection of M2 macrophages increased tumor size, an effect blocked by rottlerin administration (Figure [3J](#cas14408-fig-0003){ref-type="fig"}). Overall, in vitro and in vivo data demonstrate that macrophage‐stimulated GPD2 activation at T10 is mediated by PKCδ.

3.5. Macrophage‐stimulated impact on cancer cell glycolytic metabolism, cellular proliferation and gliomagenesis is mediated by glycerol‐3‐phosphate dehydrogenase phosphorylation at T10 {#cas14408-sec-0008}
-----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Glycerol‐3‐phosphate dehydrogenase is a key enzyme supporting glycolysis,[^12^](#cas14408-bib-0012){ref-type="ref"} and M2 macrophages stimulate glycolytic metabolism in glioma cells.[^20^](#cas14408-bib-0020){ref-type="ref"} Because we determined that M2 macrophages influenced GPD2 T10 phosphorylation, we sought to determine whether the macrophage‐induced increase in glycolysis in glioma cells was dependent on phosphorylation at T10 of GPD2. We knocked down GPD2 from U‐87 and U‐251 cultures and reconstituted them with WT GPD2, mutant GPD2‐T10A, or mutant GPD2‐T10D (Figure [3A](#cas14408-fig-0003){ref-type="fig"}), followed by co--culturing in M2‐derived or THP‐1‐derived CM. THP‐1‐derived and M2 cell‐derived conditioned media (CM) had the same concentration of lactate and glucose (Figure [S3](#cas14408-sup-0001){ref-type="supplementary-material"}A). The M2 CM‐induced increase in lactate release and glucose uptake in glioma cells was blocked when they expressed mutant GPD2‐T10A (Figure [4A](#cas14408-fig-0004){ref-type="fig"} and Figure [S3](#cas14408-sup-0001){ref-type="supplementary-material"}B), whereas glioma cells that expressed the phosphomimic GPD2‐T10D had increased lactate release and glucose uptake with/without M2 CM (Figure [S3](#cas14408-sup-0001){ref-type="supplementary-material"}C). Under these M2 CM conditions, the expression levels of activated PKCδ pT505 and the GPD2‐PKCδ interaction were both enhanced (Figure [S3](#cas14408-sup-0001){ref-type="supplementary-material"}D). Extracellular acidification rate (ECAR) experiments were also performed on U‐87 cultures with GPD2 knockdown reconstituted with WT GPD2, mutant GPD2‐T10A, or mutant GPD2‐T10D. The M2 CM‐induced rise in lactate release and glucose uptake in glioma cells was blocked when they expressed mutant GPD2‐T10A (Figure [4B](#cas14408-fig-0004){ref-type="fig"}), whereas glioma cells that expressed GPD2‐T10D had increased lactate release and glucose uptake with/without M2 CM (Figure [S3](#cas14408-sup-0001){ref-type="supplementary-material"}E). We expressed inactive kinase‐dead PKCδ K376R in U‐87 cultures incubated in M2‐derived or THP‐1‐derived CM to assess whether PKCδ was necessary for macrophage‐stimulated increase in glycolytic metabolism (Figure [S3](#cas14408-sup-0001){ref-type="supplementary-material"}F). Indeed, U‐87 glioma cells expressing PKCδ K376R did not experience M2 CM‐induced enhancement in glycolysis compared to cells expressing WT PKCδ (Figure [S3](#cas14408-sup-0001){ref-type="supplementary-material"}G).

![Macrophage‐stimulated impact on cancer cell glycolytic metabolism, cellular proliferation and gliomagenesis is mediated by glycerol‐3‐phosphate dehydrogenase (GPD2) phosphorylation at T10. A and B, U‐87 cultures with GPD2 knockdown were reconstituted with wild‐type (WT) histidine‐biotin (HB)‐GPD2 or mutant HB‐GPD2‐T10A and incubated for 20 h in M2‐derived or THP‐1‐derived conditioned media (CM): (A) Lactate release and glucose uptake at the experiment endpoint and (B) glycolytic metabolism quantified by extracellular acidification rate (ECAR) in real‐time. C, Proliferation by crystal violet of co--cultures of cells from (A) with M2 or THP‐1 cells after 7 d. D, Proliferation by crystal violet of cells from (A) with M2‐derived or THP‐1‐derived CM with/without sodium pyruvate (5 mmol/L) after 7 d. E, Colony forming by soft agar assay of cells from (A) in M2‐derived or THP‐1‐derived CM. n = 3 technical replicates × 3 biological replicates. F, Cells from (A) were transduced with lentiviral constructs and prepared with M2 or THP‐1 cells in a 1:1 ratio (n = 9 animals per cohort), orthotopically implanted into nude mice, which were killed 30 d post--implantation; n = 9. \**P* \< 0.05, \*\**P* \< 0.01 (*t* test). Means ± standard errors of the mean (SEM). Please refer to Figures [S3](#cas14408-sup-0001){ref-type="supplementary-material"}and[S4](#cas14408-sup-0001){ref-type="supplementary-material"} for further details](CAS-111-1979-g004){#cas14408-fig-0004}

We sought to determine the effect of M2 CM on glioma proliferation. Again, U‐87 cultures with GPD2 knockdown were reconstituted with WT GPD2, mutant GPD2‐T10A, or mutant GPD2‐T10D followed by co--culturing with M2 or THP‐1 cells. The M2 CM‐induced increase in glioma proliferation was blocked when they expressed mutant GPD2‐T10A (Figure [4C](#cas14408-fig-0004){ref-type="fig"} and Figure [S4](#cas14408-sup-0001){ref-type="supplementary-material"}A), whereas glioma cells that expressed GPD2‐T10D had increased proliferation with/without M2 CM (Figure [S4](#cas14408-sup-0001){ref-type="supplementary-material"}B). Importantly, glioma cells expressing mutant GPD2‐T10A exhibited a lower baseline of proliferation, which we could rescue by supplementation with sodium pyruvate (Figure [S4](#cas14408-sup-0001){ref-type="supplementary-material"}C). However, M2 CM still could not stimulate proliferation of U‐87 cells expressing mutant GPD2‐T10A compared to WT GPD2 when supplemented with sodium pyruvate (5 mmol/L) (Figure [4D](#cas14408-fig-0004){ref-type="fig"}). Although pyruvate could rescue proliferation of GPD2‐T10A expressing glioma cells, this does not rule out the prospect that blocking phosphorylation at T10 can affect glioma cells in other ways that could make them insensitive to macrophage‐induced stimulation. As for cellular proliferation, the M2 CM‐induced increase in glioma colony forming was blocked when they expressed mutant GPD2‐T10A (Figure [4E](#cas14408-fig-0004){ref-type="fig"}), whereas glioma cells that expressed GPD2‐T10D had increased colony forming capacity with/without M2 CM (Figure [S4](#cas14408-sup-0001){ref-type="supplementary-material"}D).

We examined the impact of macrophage‐stimulated activation of GPD2 on tumorigenesis in vivo. U‐87 cells with GPD2 knockdown were reconstituted with WT GPD2, mutant GPD2‐T10A or mutant GPD2‐T10D lentiviral constructs with luciferase expression, which was expressed to the same level in all cell lines (Figure [S4](#cas14408-sup-0001){ref-type="supplementary-material"}E). Each of these U‐87 glioma cell lines was mixed with M2 or THP‐1 cells in a 1:1 ratio and orthotopically implanted into nude mice. M2 macrophages did not enhance tumor progression when the implanted U‐87 glioma cells expressed mutant GPD2‐T10A (Figure [4F](#cas14408-fig-0004){ref-type="fig"}), whereas implantation of glioma cells that expressed GPD2‐T10D had enhanced tumor progression with/without co--implantation of M2 macrophages (Figure [S4](#cas14408-sup-0001){ref-type="supplementary-material"}F). Cumulatively, the body of experiments demonstrate that macrophage‐stimulated glycolytic metabolism, cellular proliferation, and tumorigenesis is mediated by phosphorylating GPD2 at T10.

3.6. Macrophage‐stimulated cancer cell glycolytic metabolism, cellular proliferation and gliomagenesis dependent on interleukin‐1β {#cas14408-sec-0009}
----------------------------------------------------------------------------------------------------------------------------------

Tumor‐associated macrophages release a suite of pro--inflammatory cytokines and chemokines that stimulate cancer cell proliferation, migration and neoangiogenesis, thereby promoting tumorigenesis.[^22^](#cas14408-bib-0022){ref-type="ref"} Of particular interest to our study are IL‐1β, IL‐6 and transforming growth factor β (TGFβ) because they trigger activation of PKCδ.[^23^](#cas14408-bib-0023){ref-type="ref"}, [^24^](#cas14408-bib-0024){ref-type="ref"}, [^25^](#cas14408-bib-0025){ref-type="ref"} Indeed, polarized M2 cells exhibit enhanced levels of IL‐1β, IL‐6 and TGFβ (and their respective downstream targets) compared to THP‐1 cells.[^20^](#cas14408-bib-0020){ref-type="ref"}

Only IL‐1β dose‐dependently enhanced GPD2 phosphorylation at T10 and strengthened the GPD2‐PKCδ interaction (Figure [5A](#cas14408-fig-0005){ref-type="fig"} and Figure [S5](#cas14408-sup-0001){ref-type="supplementary-material"}A). In addition, epidermal growth factor but not hypoxic conditions enhanced GPD2 pT10 activation (Figure [S5](#cas14408-sup-0001){ref-type="supplementary-material"}B). Next, we knocked down native PKCδ from U‐87 cultures having stable transfection of SFB‐GPD2, which resulted in a marked attenuation of IL‐1β‐triggered GPD2 pT10 activation (Figure [5B](#cas14408-fig-0005){ref-type="fig"}), implying that PKCδ is necessary for IL‐1β‐stimulated GPD2 pT10 activation. Co--cultures of U‐87 cells with THP‐1 or M2 cells with/without IL‐1β knockdown (Figure [S5](#cas14408-sup-0001){ref-type="supplementary-material"}C) were established; knocking down IL‐1β from M2 cells did not impact their differentiation or CD163 transcript levels (Figure [S5](#cas14408-sup-0001){ref-type="supplementary-material"}D). However, knocking down IL‐1β from M2 cells did substantially lower GPD2 pT10 activation (Figure [5C](#cas14408-fig-0005){ref-type="fig"}).

![Macrophage‐stimulated cancer cell glycolytic metabolism, cellular proliferation and gliomagenesis is dependent on interleukin (IL)‐1β. A, Immunoprecipitation (IP) of glycerol‐3‐phosphate dehydrogenase (GPD2) using an anti--GPD2 antibody from U‐87 cultures incubated with/without the outline cytokines (10 ng/mL). B, U‐87 cultures with stable transfection of S‐FLAG‐streptavidin‐binding peptide (SFB)‐GPD2 and lentiviral shPKCδ or scrambled control (shNT) with/without IL‐1β for 30 min. C, U‐87 cultures with transfection of shIL‐1β or shNT co--cultured with M2 or THP‐1 cells. D‐F, U‐87 cultures with transfection of shIL‐1β or shNT incubated for 20 h in M2‐derived or THP‐1‐derived conditioned media (CM): (D) Glucose uptake, (E) lactate release, (F) glycolysis by ECAR and (G) proliferation of U‐87 cells with transfection of shIL‐1β or shNT co--cultured with M2 or THP‐1 cells. H, Colony forming by U‐87 cells with transfection of shIL‐1β or shNT incubated in M2‐derived or THP‐1‐derived CM. n = 3 technical replicates × 3 biological replicates. I and J, Orthotopic GL261 gliomas generated in C57BL/6 mice by intracranial injection. Animals were given anti--IL‐1β or control IgG1 antibodies (n = 9 animals per cohort) and killed 14 d post--implantation. I, Left top panel: Typical H&E‐stained brain tumor tissue sections; Left bottom panel: Magnified (100×) image of tumor boundary; Right panel: Quantification of tumor size (V) by length (l) and width (w) determined by V = 0.5 × l × w^2^; n = 9. J, Left panel: Typical IHC‐stained brain tumor tissue sections for GPD2 pT10; Right panel: Semi‐quantification of GPD2 pT10 levels; n = 9. K, Orthotopic gliomas generated from GL261 cells transduced with lentiviral constructs for mutant mouse GPD2‐T10D or empty plasmid (EP) and intracranially injected into C57BL/6 mice. Animals were administered anti--IL‐1β or control IgG1 antibodies (n = 9 animals per cohort) and killed 14 d post--implantation; n = 9. L, Gas chromatography‐mass spectrometry (GC‐MS) analysis of U‐87 cultures starved from glucose for 4 h and incubated for 16 h with/without IL‐1β (10 ng/mL) in media supplemented with ^13^C‐glucose. M, Proliferation of U‐87 cultured incubated in 2‐deoxy‐[d]{.smallcaps}‐glucose (1 mmol/L) followed for 7 d with/without IL‐β (10 ng/mL). \**P* \< 0.05, \*\**P* \< 0.01 (*t* test). n = 3 technical replicates × 3 biological replicates. Means ± standard errors of the mean (SEM). Please refer to Figure [S5](#cas14408-sup-0001){ref-type="supplementary-material"} for further details](CAS-111-1979-g005){#cas14408-fig-0005}

Once we had established that IL‐1β release from M2 macrophages stimulated GPD2 phosphorylation at T10, we next sought to test whether IL‐1β release was necessary in metabolic reprogramming of glioma cells toward glycolysis. U‐87 cultures were incubated in CM from THP‐1 or M2 cells with/without IL‐1β knockdown; CM derived from M2 cells with IL‐1β knockdown did not trigger increases in lactate release, glucose uptake and ECAR as it did in glioma cells incubated in CM from IL‐1β‐expressing M2 cells (Figure [5D‐F](#cas14408-fig-0005){ref-type="fig"}). A similar effect was seen on glioma cell proliferation and colony forming capacity; CM derived from M2 cells with IL‐1β knockdown did not trigger increases in proliferation and colony forming as it did in glioma cells incubated in CM from IL‐1β‐expressing M2 cells (Figure [5G](#cas14408-fig-0005){ref-type="fig"},H). To assess the impact of IL‐1β in vivo on glioma tumorigenesis, we generated orthotopic GL261 gliomas in mice, which were administered anti--IL‐1β or control IgG1 antibody. Tumor size was lower in mice whose IL‐1β was depleted (Figure [5I](#cas14408-fig-0005){ref-type="fig"} and Figure [S5](#cas14408-sup-0001){ref-type="supplementary-material"}E). We confirmed the efficacy of IL‐1β depletion by IHC of its downstream target ERK1/2 pT202/Y204 in brain tissue (Figure [S5](#cas14408-sup-0001){ref-type="supplementary-material"}F). We also noted by IHC that IL‐1β depletion by anti--IL‐1β antibody treatment blocked phosphorylation of GPD2 at T10 in comparison to IgG1 control antibody treatment (Figure [5J](#cas14408-fig-0005){ref-type="fig"}). When we generated orthotopic gliomas of GL261 cells expressing the phosphomimic GPD2‐T10D (Figure [S5](#cas14408-sup-0001){ref-type="supplementary-material"}G) followed by administration of anti--IL‐1β or control IgG1 antibody, GPD2‐T10D opposed the smaller tumor size induced by IL‐1β depletion (Figure [5K](#cas14408-fig-0005){ref-type="fig"}). Furthermore, orthotopic gliomas of U‐87 cells co--injected with M2 macrophages with/without IL‐1β knockdown were generated; again, tumors were smaller in mice co--injected with M2 macrophages with IL‐1β knockdown (Figure [S5](#cas14408-sup-0001){ref-type="supplementary-material"}H). Overall, the body of experiments advocate IL‐1β release from M2 macrophages as the stimulant for GPD2 pT10 activation, inducing a shift in glioma cells to glycolytic metabolism, increased cellular proliferation and enhancement of tumorigenesis.

Additional evidence for the impact of IL‐1β release on glioma cell glycolytic metabolism and proliferation was provided from tracing experiments using ^13^C‐labeled glucose. Glucose‐deprived U‐87 cultures were incubated in media with/without IL‐1β and supplemented with ^13^C‐labeled glucose; IL‐1β treatment boosted release of ^13^C‐lactate via glycolytic metabolism (Figure [S5](#cas14408-sup-0001){ref-type="supplementary-material"}I and Figure [5L](#cas14408-fig-0005){ref-type="fig"}). In addition, U‐87 cultures were incubated in media with/without IL‐1β and complemented with 2‐deoxy‐[d]{.smallcaps}‐glucose (2‐DG), a blocker of glycolysis; 2‐DG hindered the IL‐1β‐stimulated effect on cellular proliferation (Figure [5M](#cas14408-fig-0005){ref-type="fig"}), implicating IL‐1β as a regulator of cancer cell proliferation via glycolytic metabolism.

Interleukin‐1β activates the intracellular kinase phosphatidylinositol‐3‐kinase (PI3K),[^26^](#cas14408-bib-0026){ref-type="ref"} which catalyzes generation of the membrane phospholipid phosphatidylinositol (3,4,5)‐trisphosphate (PIP3).[^27^](#cas14408-bib-0027){ref-type="ref"} Because PKCδ is phosphorylated at T505 by PIP3,[^28^](#cas14408-bib-0028){ref-type="ref"} we examined whether PI3K activity was involved in facilitating the effect of IL‐1β on the PKCδ‐GPD2 interaction. Towards this end, U‐87 cultures underwent co--transfection of FLAG‐GPD2 with/without V5‐PKCδ followed by incubation with the selective PI3K inhibitor LY294002. Inhibition of PI3K reduced the phosphorylation of PKCδ pT505's downstream target AKT pS473 (Figure [S5](#cas14408-sup-0001){ref-type="supplementary-material"}K).[^29^](#cas14408-bib-0029){ref-type="ref"} Moreover, treating U‐87 cells with LY294002 fully blocked the GPD2‐PKCδ interaction (Figure [S5](#cas14408-sup-0001){ref-type="supplementary-material"}J). These findings indicate that PI3K serves as a key intermediary between upstream IL‐1β stimulation and the downstream PKCδ‐GPD2 interaction in glioma cells.

3.7. Increased glycerol‐3‐phosphate dehydrogenase pT10 levels are associated with macrophage recruitment, tumor grade and patient survival in glioblastoma {#cas14408-sec-0010}
----------------------------------------------------------------------------------------------------------------------------------------------------------

We sought to establish whether our in vitro and animal model studies had relevance to clinical GBM samples. IHC on sections from patient‐derived WHO grade IV GBM tumors (n = 30) were stained with antibodies against GPD2 pT10, PKCδ pT505, CD163 and IL‐1β (Figure [6A](#cas14408-fig-0006){ref-type="fig"}), whose specificity we confirmed by blocking assays with/without the analogous proteins or peptides. Semi‐quantitative analysis demonstrated a positive association between GPD2 pT10 protein levels (representative of glycolysis) and: (a) PKCδ pT505 staining, (b) CD163 staining (representative of macrophage recruitment), and (c) IL‐1β staining (Figure [6B](#cas14408-fig-0006){ref-type="fig"}).

![Increased p‐glycerol‐3‐phosphate dehydrogenase (GPD2) levels are associated with macrophage recruitment, tumor grade and patient survival in glioblastoma (GBM). A and B, Immunohistochemistry (IHC) on sections from patient‐derived grade IV GBM tumors (n = 30 randomly‐selected from 100 tumors) stained with antibodies against GPD2 pT10, PKCδ pT505, CD163 and IL‐1β: (A) IHC images on sections from representative patient‐derived GBM tumors and (B) Pearson's correlation analyses of semi‐quantified GPD2 pT10, CD163 and IL‐1β expression on a scale ranging from 0 to 8. C, Kaplan‐Meier survival curve for GBM patients with below‐median (low, n = 50) and above‐median (high, n = 50) GPD2 pT10 levels. D, Semi‐quantified IHC staining of GPD2 and GPD2 pT10 expression on sections from patient‐derived grade I/II astrocytoma tumors (n = 30) and grade IV GBM tumors (n = 30). \**P* \< 0.05, \*\**P* \< 0.01 (*t* test). Means ± standard errors of the mean (SEM)](CAS-111-1979-g006){#cas14408-fig-0006}

We generated a Kaplan‐Meier survival curve for GBM patients (n = 100) who had undergone surgical resection followed by standard adjuvant radiotherapy and alkylating agent therapy, usually temozolomide. When patients were stratified by low versus high GPD2 pT10 levels, patient survival was better with lower GPD2 pT10 levels (Figure [6C](#cas14408-fig-0006){ref-type="fig"}). When patients were stratified by tumor grade, patient‐derived grade IV tumors exhibited higher levels of GPD2 pT10 (but not GPD2 levels) compared to grade I/II tumors (Figure [6D](#cas14408-fig-0006){ref-type="fig"}). This analysis of patient‐derived tumors demonstrates the clinical significance of GPD2 pT10, whose elevated levels correlated with unfavorable patient outcomes and higher tumor grade.

4. DISCUSSION {#cas14408-sec-0011}
=============

Although reprogramming of cellular metabolism by tumor cells is a well‐established survival mechanism,[^7^](#cas14408-bib-0007){ref-type="ref"}, [^8^](#cas14408-bib-0008){ref-type="ref"}, [^9^](#cas14408-bib-0009){ref-type="ref"} the impact of tumor‐infiltrating TAM on cancer cell metabolism is a less investigated avenue. We performed a detailed examination of the role of TAM‐stimulated activation of GPD2 in glioma cells via PKCδ, which induces a shift to glycolytic metabolism and bolsters tumor cell proliferation and tumorigenesis (Figure [7](#cas14408-fig-0007){ref-type="fig"}). These results uncover a previously unknown mechanism of TAM‐promoted tumor development via GPD2 phosphorylation and advocate interruption of this pathway as a possible anticancer strategy.

![Proposed molecular pathway for tumor‐associated macrophage (TAM)‐stimulated glycerol‐3‐phosphate dehydrogenase (GPD2) activation in glioma cells. TAM release interleukin (IL)‐1β, which triggers phosphorylation of GPD2 at T10 in glioma cells via PKCδ. This action induces a shift to glycolytic metabolism, which stimulates cellular proliferation and gliomagenesis](CAS-111-1979-g007){#cas14408-fig-0007}

The evidence supporting the role of TAM IL‐1β release in cancer development is manifold. Elevated tumor IL‐1β levels are associated with inferior prognoses in breast cancer patients, and IL‐1β promotes tumor growth and metastasis in animal models of breast cancer.[^30^](#cas14408-bib-0030){ref-type="ref"}, [^31^](#cas14408-bib-0031){ref-type="ref"}, [^32^](#cas14408-bib-0032){ref-type="ref"}, [^33^](#cas14408-bib-0033){ref-type="ref"} Moreover, IL‐1β contributes to carcinogen--induced melanoma development.[^34^](#cas14408-bib-0034){ref-type="ref"} Although IL‐1β may directly act on epithelial or tumor cells to promote their proliferation and invasiveness,[^33^](#cas14408-bib-0033){ref-type="ref"} the mechanism(s) by which IL‐1β would act have not been thoroughly investigated. Our evidence reveals that IL‐1β release is a necessary component of the macrophage‐stimulated effect on GPD2 phosphorylation, glycolytic metabolism and proliferation of glioma cells. This is accomplished by phosphorylation of PKCδ at its T505 residue. PKCδ is a member of the protein kinase C (PKC) family that regulates various cell processes, including proliferation, differentiation and apoptosis,[^35^](#cas14408-bib-0035){ref-type="ref"}, [^36^](#cas14408-bib-0036){ref-type="ref"}, [^37^](#cas14408-bib-0037){ref-type="ref"}, [^38^](#cas14408-bib-0038){ref-type="ref"} and has been associated with both tumor progression as[^39^](#cas14408-bib-0039){ref-type="ref"}, [^40^](#cas14408-bib-0040){ref-type="ref"} well as tumor suppression.[^41^](#cas14408-bib-0041){ref-type="ref"}, [^42^](#cas14408-bib-0042){ref-type="ref"}, [^43^](#cas14408-bib-0043){ref-type="ref"} Consistent with our findings, PKCδ T505 is preferentially activated in GBM tumor‐initiating cells and promotes tumorigenic AKT signaling through phosphorylating AKT at its S473 residue. Moreover, PKCδ T505 is positively regulated by an autocrine loop in GBM tumor‐initiating cells driven by PKCδ‐mediated secretion of cytokines IL‐1α and IL‐23. Therefore, it is possible that PKCδ T505 may participate in a positive feedback autocrine loop in glioma cells that reinforces cytokine‐driven PKCδ T505 activation. Further research on this question is needed.

Enzyme activity can be modulated by PTM, most commonly by phosphorylation. Herein, we recognized a novel site for phosphorylating GPD2 at T10 through a series of mutagenesis studies. We further demonstrated that macrophages increased activation of GPD2 at T10, altering its substrate affinity with preferential conversion of G3P to DHAP, a shift to glycolytic catalysis, and thereby to glioma cellular proliferation. Glycolytic metabolism consists of glucose catabolism, although several steps along the path can occur in the opposite direction to regenerate glucose, a process known as gluconeogenesis.[^44^](#cas14408-bib-0044){ref-type="ref"} GPD2 lowers G3P levels in hepatocytes, promotes a reduced mitochondrial NADH/NAD redox state, decreases ketone body production, and increases pyruvate and lactate production, but it does not affect gluconeogenesis.[^45^](#cas14408-bib-0045){ref-type="ref"} These combined findings indicate that GPD2 promotes pro--proliferative glycolytic activity.

Patient‐derived GBM tumors are often infiltrated with macrophages, which is correlated with faster GBM development of GBM.[^44^](#cas14408-bib-0044){ref-type="ref"} In agreement with that, we observed that GPD2 pT10 levels were positively associated with macrophage recruitment (CD163 staining) in patient‐derived GBM, as well as with tumor grade and patient survival. The clinical relevance of GPD2 pT10 in patient samples implicates it as a possible treatment avenue by blocking macrophage‐stimulated GPD2 activation.

A small population of stem cell‐like malignant cells termed brain tumor‐initiating cells (BTIC) are at the top of the brain tumor's cellular hierarchy and produce the bulk of a brain tumor's mass.[^46^](#cas14408-bib-0046){ref-type="ref"} These BTIC are also strongly associated with brain tumorigenesis, chemoresistance and tumor recurrence.[^46^](#cas14408-bib-0046){ref-type="ref"} Therefore, recent glioma‐related studies have preferentially employed BTIC selection (via markers such as CD133 and CD44), special culture conditions and sphere formation assays to specifically select for and investigate these BTIC.[^46^](#cas14408-bib-0046){ref-type="ref"} As our study was limited to the U‐87 and U‐251 glioma cell lines, we did not investigate the effects of TAM‐based IL‐1β release on BTIC. Given the importance of BTIC in brain tumorigenesis, researchers should pursue an investigation along these lines.

In conclusion, we outline evidence that IL‐1β release by TAM restructures glioma cell metabolism by PKCδ activation of GPD2 to favor glycolysis, which accelerates proliferation and tumor growth. More broadly, our findings support that TAM can promote tumorigenesis through metabolic reprogramming.
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